Abstract. Diffuse optical tomography (DOT) has attracted attentions in the last two decades due to its intrinsic sensitivity in imaging chromophores of tissues such as hemoglobin, water, and lipid. However, DOT has not been clinically accepted yet due to its low spatial resolution caused by strong optical scattering in tissues. Structural guidance provided by an anatomical imaging modality enhances the DOT imaging substantially. Here, we propose a computed tomography (CT) guided multispectral DOT imaging system for breast cancer imaging. To validate its feasibility, we have built a prototype DOT imaging system which consists of a laser at the wavelength of 650 nm and an electron multiplying charge coupled device (EMCCD) camera. We have validated the CT guided DOT reconstruction algorithms with numerical simulations and phantom experiments, in which different imaging setup parameters, such as projection number of measurements and width of measurement patch, have been investigated. Our results indicate that an air-cooling EMCCD camera is good enough for the transmission mode DOT imaging. We have also found that measurements at six angular projections are sufficient for DOT to reconstruct the optical targets with 2 and 4 times absorption contrast when the CT guidance is applied. Finally, we have described our future research plan on integration of a multispectral DOT imaging system into a breast CT scanner.
INTRODUCTION
In the United States of America, breast cancer ranks second in all cancers in terms of cancer mortality in female population. 1 Breast cancer screening, especially if being capable of early detection, is one of the efficient approaches to reduce the mortality rate caused by breast cancer. 2 Mammography has been used widely for breast cancer screening, but it is difficult to diagnose breast cancers for breasts with high mammographic density and/or micro-calcifications. 3 Ultrasound imaging has higher sensitivity than mammography in imaging dense breast but with low specificity in screening breast cancers. 4, 5 Magnetic resonance imaging (MRI) was reported to have results correlated better with pathology findings than mammography and obtained promising results when dynamic contrast agents are applied. [6] [7] [8] However, MRI is expensive and exogenous agents are needed for better contrast. In 1990s, diffuse optical tomography (DOT) has emerged with promises as an imaging tool for breast cancer screening and diagnosis because of its unique features such as non-ionizing radiation, low cost, and high intrinsic absorption contrast. 9 We use continuous wave (CW) measurement data due to its simplicity and low cost. CW measurements at multiple wavelengths in the near infrared (NIR) wavelength range were used to reconstruct different absorption chromophores in tissues. [10] [11] [12] [13] [14] Most DOT breast imaging systems used fibers to deliver lasers to breast surface and collected the diffused light on the breast surface, in which the measurement number was determined by the optode pairings. 11, [15] [16] [17] [18] [19] [20] [21] [22] To increase the number of measurement data, Culver et al. reported a charge coupled device (CCD) camera based DOT imaging system. 23 Turner et al. used a CCD camera to measure early photons in a DOT imaging system. 24 In this study, we used an electron multiplying CCD (EMCCD) camera to measure light intensity on the breast surface in a transmission mode.
DOT is an ill-conditioned inverse problem and suffers low spatial resolution. To enhance the DOT reconstruction, anatomical priors were introduced. 25 33 , 35 Zhu and colleagues used ultrasound imaging to guide the DOT imaging. 18, 36 These studies have shown substantial improvements in quality and accuracy of DOT imaging with structural priors.
However, these systems have limitations. Tomosynthesis is not a true three-dimensional (3D)
imaging modality thus its structural guidance is not sufficient. And the imaged breast is compressed during the tomosynthesis/3D-mammogram scan which might cause discomfort to patients. For MRI guidance, MRI is very expensive and the patients with some metal implants cannot be imaged by MRI. For ultrasound imaging guidance, approximations are required for coregistering the two-dimensional (2D) ultrasound images to the 3D optical measurements. 36 Our proposed CT guided DOT imaging system will not have these limitations.
In this paper, we report a novel CT guided DOT system for breast cancer imaging. The spatial resolution of the DOT system is improved with the anatomical guidance obtained from CT imaging. There are several advantages of this proposed system. Firstly, although breast CT system uses X-ray photons, the radiation dose is less than or equivalent to that of a two-projection mammography, which is minimal. 37, 38 Secondly, because we use an EMCCD camera to acquire optical measurement data, our system is non-contact, does not need coupling fluid, and will not bring any pain or discomfort during the scanning. Lastly, with the use of an EMCCD camera, we can have abundant measurement data for DOT reconstruction, although the camera may have limited sensitivity of measurements.
The rest of this article is organized as follows. In section 2, we introduce methods and materials. Then we report the results from numerical simulations and phantom experiments.
Finally, we end the paper with discussion and future work.
METHODS AND MATERIALS

DOT prototype system
The DOT prototype system built in our lab consisted of an EMCCD camera (C9100-13, taken by the EMCCD camera and averaged to reduce measurement noises.
Forward model and reconstruction algorithm of DOT
The propagation of light in turbid media such as biological tissues can be modeled precisely by the radiative transfer equation (RTE). [39] [40] [41] [42] Because it is difficult to solve the RTE, the diffusion equation is widely accepted as an approximation to the RTE in DOT imaging. The finite element method (FEM) is used to solve the diffusion equation. 42, 43 And due to the ill-posed nature of the inverse problem in DOT, regularization methods are used to stabilize the DOT reconstruction.
44,45
Forward modeling
In the CW domain, NIR light propagation in turbid media is modeled by the diffusion equation, 46 which is given as
where ∇ denotes the gradient operator, ( ) and , ( ) are the photon density and the isotropic light source at position r, respectively, and ( ) is the optical diffusion coefficient defined by
with ) and ; < representing the absorption coefficient and the reduced scattering coefficient, respectively. The air-tissue boundary is represented by the refractive index mismatch Robin (also known as Type-III) boundary condition, described as
where is the unit normal vector on the boundary surface. In Eq. (3), depends upon the relative refractive index mismatch between the air and tissue interface and is determined by fitting the measurement data with the numerical calculations from the forward model.
Reconstruction algorithm
The objective function (Ω), which minimizes the difference between modeled data (obtained from forward model) and the measurements, if we only reconstruct the absorption coefficient, can be written as
where λ is the regularization parameter and is a dimensionless penalty matrix which can be obtained from other structural imaging modalities such as CT. When the structural information is not available, the matrix can be replaced with an identity matrix . The updating equation based on the Newton iterative method can be written as 25, 49, 50 
where represents the Jacobian (sensitivity) matrix with a dimension * ×[ * ], where * denotes multiplying, represents the number of measurements, and is the number of nodes.
The update is represented by ) = ) − ) U . In general, the initial value ) U is obtained from data fitting procedure 51 . The matrix is calculated before the reconstruction. This type of inclusion of priori information is often referred as soft-priors.
35,52
Mapping of measurement data
Correctly mapping of photon intensity information from an EMCCD camera image to detector nodes on a finite element mesh is critical for the DOT reconstruction. To improve mapping accuracy, we made a reference cylinder which had 24×9 checkerboard on its surface. Each checkerboard was a square with a width of 10.21 mm that was equal to 1/24 of the cylinder circumference. The 3D physical coordinates of corners for each square were known on the cylinder surface. To map correctly, we took one image of the reference cylinder with our prototype system. There were 6×4 checks in the side field of view. We found pixel coordinates of all 35 corners for squares on the EMCCD camera image manually. Then, using those pixel coordinates and their corresponding physical coordinates, we generated linear mapping matrix for mapping finite element nodes' coordinates to the corresponding EMCCD camera image pixels. Fig. 2 shows the mapping results using the linear matrix we generated. Ideally, if the mapping was perfect, each red dot in Fig. 2 should be on the crossing points on the checkerboard exactly. Most of the nodes inside the FOV were matched very well, although the nodes far away from the center were not mapped well with the corners of squares because we used a simple linear mapping method and the surface of the cylinder was not flat. The linear mapping matrix is good enough to be used in the phantom experiments because the measurement nodes were not far away from the center.
Measurement setup
In our DOT prototype system, the EMCCD camera was used as a detector, which could only measure half of the phantom surface in a transmission measurement mode. For each angular projection, the linear stage moved the laser beam 6 steps in the vertical direction with a step size of 5 mm. This system generated 6 laser illumination points on the phantom of interest for each angular projection. For each illumination position, we used all finite element nodes inside a 6 cm wide and 4 cm high measurement patch on the other side of the phantom (Fig. 3b) . The numerical simulations reported later have helped us to select the width of the measurement patch.
Phantom recipe and geometry
A cylindrical phantom with a diameter of 78 mm and a height of 60 mm was made of agar, titanium dioxide (TiO 2 ), Indian ink, and water. A jelly like soft base phantom was made with a through hole at the target location, which was 15 mm away from the central line of the cylinder.
Then, a cylindrical target with a diameter of 10 mm and a height of 10 mm was inserted into the hole on the background phantom. Other sections of the hole were filled with same material as base phantom (Fig. 3a) . The phantom base was fabricated to have ) = 0.005 mm \1 and ; < = 1.0 mm \1 at the wavelength of 650 nm. The target had an absorption coefficient of 0.02 mm \1 at the wavelength of 650 nm for the 4 times absorption contrast case. The absorption coefficient of the target was 0.01 mm \1 for the two times absorption contrast case. For both cases, the reduced scattering coefficient of the target was 1.0 mm -1 , the same as the background phantom.
Measurement data calibration with a homogeneous phantom
We used a cylindrical phantom whose surface was not flat. Different measurement points on the cylindrical surface had different orientations and distances to the EMCCD camera, which resulted in different photon collection coefficients at different pixels. We calibrated our measurements with the same approach described in Ref. 53 . At first, we made a homogeneous phantom with the same optical properties and the same geometrical dimensions as the heterogeneous phantom of interest.
Secondly, we obtained a set of measurement data _` at same setup for the heterogeneous phantom. Thirdly, optical properties such as the absorption coefficientµ b , the reduced scattering coefficient µ c < and the boundary condition parameter α were determined by data fitting. 51 Then, we calculated the calibration coefficients _`= _ * / _`, where _ * are the measurements from forward modeling with the optical properties obtained in the 3 rd step. Finally, we multiplied the ratio factor _` by the measurement data _` from the heterogeneous phantom to obtain the final calibrated measurements for the DOT reconstruction.
RESULTS
Results of numerical simulations
The measurement projection number and the measurement data volume are important factors for data acquisition time, reconstruction time, and DOT image quality. We conducted a series of Table. 1.
For all the four numerical simulation cases (a-d) as described above, 5% Gaussian noise was added to the numerical measurements, which were then used for the iterative DOT reconstruction with L 2 regularization. The absorption coefficient of 0.007 mm \1 and the reduced scattering coefficient of 1.0 mm \1 were used as the initial guess. The regularization parameter was 0.1 at first and reduced accordingly. A finite element mesh with 9743 nodes, 53030 tetrahedral elements, and 5838 surface elements were used to discretize the virtual phantom and for the forward modeling. The same mesh was also used for the iterative DOT reconstruction. In a cluster with 6 nodes (2.8 GHz each node) and 128 GB memory, each iteration of the DOT reconstruction took 1.52 minutes. The iterative reconstruction ended when the updated values were less than 2%, which took 10 iterations for the numerical simulation with 6 angular projections, 6 cm wide measurement patch, and the virtual CT guidance. Fig. 6 further demonstrates that the quality of the reconstructed absorption coefficient images from six angular projections with 6 cm wide measurement patch is the best when the virtual CT image was used as structural prior in the DOT reconstruction. Calculated from the profiles in Fig. 6 , the error of the reconstructed absorption coefficient in the target is 1.25% for the numerical simulation case of 6 angular projections, 6 cm wide patch, and with the virtual CT guidance.
Results of phantom experiments
We evaluated our single wavelength, EMCCD camera based prototype DOT imaging system by preforming two set of phantom experiments. The phantom recipe and geometry are described in the method section. The first phantom experiment had 4:1 absorption contrast and the second had 2:1 absorption contrast. The optical properties and geometrical dimensions are given in Table. 2. The reconstructed DOT images of the 4:1 absorption contrast phantom are plotted in Fig. 7 , in which the ground truth image is plotted in Fig. 7a where the black dotted line cross the target indicates the profile position. There are many artifacts at the boundary in the reconstructed absorption coefficient image using uncalibrated data without structural guidance (as shown in Fig.   7b ). Calibration with the homogeneous phantom improves reconstruction results even without structural prior. However, there are still some artifacts at the boundary and the reconstructed absorption coefficient of the target is less than the true value (as shown in Fig. 7c ). Reconstruction with the structural guidance using the uncalibrated measurement data outperformed the previous two cases with some artifacts at boundary (as shown in Fig. 7d ). And the recovered absorption coefficient of the target is much less than the exact value (as shown in Fig. 7d ). Reconstruction with the structural prior using the calibrated measurements has the best image quality in terms of both target location and the reconstructed absorption coefficients (as shown in Fig. 7e ).
The reconstructed DOT images for the 2:1 absorption contrast phantom experiment are plotted in Fig. 8 , in which the ground truth image is plotted in Fig. 8a . We observed the same trend as in the 4 times absorption contrast case. Measurement calibration and virtual structural guidance improve the reconstruction results. The reconstructed image using the uncalibrated data without the structural guidance has the worst quality as shown in Fig. 8b . For the reconstruction with the calibrated measurement data and without the structural prior, the reconstructed target is at the right location but there are significant artifacts in the boundary as shown in Fig. 8c . These artifacts are from the measurement noises that deteriorated the reconstruct image quality without the structural guidance. When the structural guidance was applied and the uncalibrated measurement data were used, the reconstructed DOT image is plotted in Fig. 8d , from which we see that the image quality becomes better but there are still some artifacts in the boundary. This indicates that the measurement data need to be calibrated. With the structural prior using calibrated measurements, the target has been reconstructed at the right locations and with correct absorption coefficient as shown in Fig. 8e .
To analyze the reconstructed images quantitatively, we plot the profiles along the position indicated by the black dotted line in Figs. 7a and 8a. The profile plots in Fig. 9 demonstrates that the quality of the reconstructed DOT image from the calibrated data and with a virtual CT guidance has been improved substantially. For the 4 times absorption case, the error of the reconstructed absorption coefficient of the target for the calibrated data with the virtual CT guidance is 2%. The error is 4% for the 2 times absorption contrast case. The target size errors are 9% for both 4 and 2 times absorption contrast cases.
DISCUSSION AND FUTURE WORK
We have built the prototype DOT imaging system that mimics our future CT guided DOT imaging system by using the same EMCCD camera and the same collimated laser beam. With both numerical simulations and phantom experiments, we have studied the effects of the projection number and the width of FOV on the reconstructed DOT images. Although we used the virtual CT guidance in the studies, the feasibility study in this paper lays a solid path for our future CT guided DOT imaging system.
The major purpose of the proposed CT guided DOT imaging system is to monitor the breast cancer response to the chemotherapy. Neoadjuvant chemotherapy is widely used in the treatment of locally advanced breast cancer. Monitoring the response to the chemotherapy can improve survival and reduce morbidity. Tumor responsive to the chemotherapy has vascular changes that can be monitored by DOT noninvasively. The total hemoglobin concentration reduction is a major sign for the responsive breast tumors. [54] [55] [56] Photon scattering in DOT makes it difficult to localize tumor size and position. CT can provide guidance in DOT reconstruction algorithms to minimize the effects of optical scattering for accurately monitoring of breast cancer's response to the chemotherapy.
The major challenge for the CT guided DOT imaging system is that CT does not have very good soft tissue contrast to differentiate tumor very well from its background. Patients with neoadjuvant chemotherapy usually have late stage breast cancers. The CT contrast agents could enhance the breast cancer imaging of CT. Furthermore, the soft prior guidance algorithm can correct the mismatched guidance to some extent (up to 7%) as reported in reference 27.
The homogeneous phantom based calibration method as described in section 2.6 works well for phantom experiments. This method can be applied to in vivo breast imaging by scanning a homogeneous phantom with the same geometry and similar optical properties of the imaged breast. We can obtain the imaged breast geometry from the CT images and then print a mold with a 3D printer. The optical properties can be estimated by the fitting algorithm as described in reference 53. Another approach, one of our future research topics, is to use a ray tracing software (LightTools, Synopsys Inc.) to calculate the photon collection efficiency at different detector positions on the breast surface.
One possible limitation of the proposed CT guided DOT imaging system is the small dynamic range of the EMCCD camera. Another possible limitation is the reflected optical photons from the scanner's rotary gantry to the EMCCD camera. One way to overcome this limitation is to paint black all the components inside the system gantry.
We have investigated the feasibility study of the CT guided DOT imaging with 2 times and 4 times absorption contrast targets for both numerical simulations and phantom experiments.
Although these studies can prove the feasibility, we need to include the scattering effects in the future studies, especially when we will include four lasers at four different wavelengths in the future system.
In the future, we will build a multispectral EMCCD camera based DOT imaging system which consists of 4 diode CW lasers, an optical switch, a fiber holder, collimators, an EMCCD camera and a rotation stage. Four CW lasers at wavelengths of 650, 715, 880, and 915 nm are 
CONCLUSION:
In this paper, we proposed a novel CT guided DOT system for breast cancer imaging, which uses an EMCCD camera as a detector without any coupling liquid. We evaluated our prototype system with a set of numerical simulations and phantom experiments. From numerical simulations, we confirmed that the measurement data from six projections with 6 cm wide measurement patch are enough to reconstruct good absorption image with high quantitative accuracy if CT guidance is applied.
The phantom experiments further demonstrate that our proposed CT guided DOT system is able to reconstruct 2 times absorption contrast targets at very high spatial resolution and quantitative accuracy. In the future, we will combine our prototype DOT system with a dedicated breast CT system and evaluate the system performance with phantom experiments and patient data. Table 2 Optical properties and geometrical dimensions of the experimental phantoms. 
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